ABSTRACT The mechanics properties of brush seals are usually very complicated. Here, the contact force of a rotor-brush seal system was analyzed based on the bending deformation theory considering the interaction of eccentricity and flow induced force. The seal force expression was established by using the Bernoulli-Euler beam equation and superposition method, and the effects of eccentricity, friction coefficient, bristle lay angle, and uniform force of flow on the acting force of rotor system was analyzed. An experimental test rig of a Stodola-Green rotor-brush seal system was set up, and the effect of seal force on vibration characteristics of the rotor system was evaluated by the experiment. The results showed that with a flow induced force, the contact force of the rotor decreases with the increase of eccentricity. The contact force increased with the increase of flow induced force as well. The theoretical results were in accordance with the experimental results and, thus, validate the seal force of the brush seal.
I. INTRODUCTION
Brush seals can improve the work efficiency of aeroengine and turbomachinery [1] - [3] . Brush seals have a better sealing performance compared with traditional labyrinth seals [4] . However eccentricity between the rotor and stator can arise due to the unbalance force [5] . The mechanics properties of brush seals are very complicated, and the aerodynamic force, extrusion and friction between the bristle pack and the rotor need to be considered.
Due to the bristle elastic distortion during contact, the acting force of bristle applied on the rotor becomes very complex [6] - [8] . The interaction of these factors makes the analysis of the contact mechanics of rotor-brush seal system challenging. Long and Marras [9] adopted a torque measurement and a force blade in the static test bench to test the bristle contact force on the rotor. But the test results were not very satisfactory. Sharatchandra and Rhode [10] investigated the bristle force with swirl and leakage flow. The results showed that the bristle force increased when the bristle lay angle and flow rates increased, but decreased with the intra-bristle spacing increasing. Stango et al. [11] and Zhao and Stango [12] , [13] treated the bristle as a cantilevered
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beam and analyzed the effects of some parameters on the contact mechanics, and proposed a corresponding computational model. Demiroglu et al. [14] found that the linear beam theory was easier to implement than the nonlinear beam theory, and proposed an empirical expression to calculate the tip force by experimental work. Aksoy and Aksit [15] measured the contact force via sensitive load cells by a brush seal stiffness measurement system. McBride et al. [16] put forward the experiment-simulation method to evaluate the contact force by displacement of cantilever beams.
Previous studies mostly focused on the analysis of contact force of the bristle, the influence of eccentricity and airflow on contact force considering the brush seal and rotor as a system remains still less well known. In this work, the seal force model considering the eccentricity and flow induced force with bristle radial interference based on the bending deformation theory was developed. The effects of eccentricity, friction coefficient, bristle lay angle, and distributed load of airflow on contact force were discussed, and the test rig of rotor-brush seal system was set up to study the vibration characteristics of the rotor system and compare the theoretical and experimental results.
II. CONTACT FORCE ANALYSES
In this article, it is assumed that the airflow force is evenly distributed over the arc of the bristle and the bristle radial interference is greater than zero. The single bristle is treated as cantilevered-beam. Figure 1 is the force analysis schematic drawing of the bristle and rotor. From Fig.1 (b) , the bending deformation of single bristle is mainly caused by distributed load due to airflow and contact force between rotor and bristle. As the bristle length is much larger than the diameter of the bristle in cross-section, the influence of shearing stress on bristle distortion is ignored. So the bristle bending deformation meets the Bernoulli-Euler law:
As shown in Fig. 1 (b) , taking a differential arc segment from the bristle AB, the intersection point of the normal ends of ds is the center of curvature, so 1/ρ = dϕ/ds. Then (1) can be written as:
Then the governing equation can be obtained by derivation of bending moment induced by distributed load of airflow q 0 and contact force F b : Fig. 1 , as eccentricity e is much less than rotor radius R, the installation spacing δ can be simplified as follows:
The expression of L p can be given as:
The bristle deflection v B caused by F b and q 0 at point B can be calculated by using superposition method [17] :
From the right-angled trapezoid O 1 GBF,
As v B = BC, then the expression of F b is derived by using (6) and (7):
Then, the component expressions of F b in the tangential and normal directions can be respectively written as:
The seal force of an arbitrary bristle in the x and y directions are then expressed as:
Base on (10), in the coordinates xO 1 y, the force of a single bristle on the rotor is written as:
Assuming the arrangement of all bristles in the bristle pack is tight, then the total number of bristles n ≈ exact number of bristles in a bristle pack is difficult to calculate, and there is a group of F o 1 i and M o 1 i match with each initial position of angle φ, then contact force components of bristle pack F x and F y can be given as:
In the coordinate xoy, the angle β is arctan ( As observed in Fig.3 , the acting force F o will increase with the eccentricity when q 0 = 0 N/m. But the result is inverse when q 0 = 4 N/m. Figure 4 shows the acting force versus eccentricity under different friction coefficients. Assuming the bristle moves with a uniform motion on the rotor surface, then the friction coefficient satisfies the expression µ 1 = tan µ. As observed, the acting force increases with the friction coefficient under the same eccentricity when the uniform force is greater than zero. Figure 5 shows the acting force versus eccentricity and bristle lay angle, here the friction coefficient is 0.2. As observed in Fig.11 (a) and (b) , the variation between acting force and bristle lay angle is not linear under the same eccentricity. From Fig.11 (c) and (d) , the acting force increases with eccentricity near the region of θ = 17 • and θ = 61 • . But the variation of the acting force with eccentricity is not obvious when the bristle lay angle equals other values. Figure 6 shows the relationship between acting force, eccentricity, and bristle lay angle. As observed, the acting force increases with the uniform force of flow. The trend of acting force when considering the uniform force is different with zero uniform force condition, and the acting force with the uniform force is much greater than that without uniform force.
As the expression of F o is complex, and then introduces (4) into (5) and (8) for simplification, And under the same geometry parameters of rotor system, the magnitude and direction of F o vary with the eccentricity and the rotational speed ω. So (12) can be fitted by using a polynomial expression:
Then the components of F o in x and y directions, namely seal force, could be expressed as: 
Considering a practical situation, several rows of bristles in the axial direction are adopted in this work. 
III. EXPERIMENTAL RESEARCH AND DISCUSSION

A. ROTOR-BRUSH SEAL SYSTEM
For validating the seal force of brush seal, a test rig of rotorseal system is built to investigate the vibration characteristics under different pressure and velocity. The experimental device includes rotor-seal system, power system, gas supply system, data acquisition system, and PC, etc., as shown in Fig. 7 . Figure 8 illustrates the test rig of rotor system, and a overhung rotor format is adopted in the test cavity. The power is provided by the EULA driving motor with a rated power of 15 kW. The right end of the motor connects with the rotor and disk. As the disk mass is great, for safety reasons the value of rotational speed is between 0 and 2000 rpm in actual operation using an inverter controller. The air is compressed into the gasholder by an air compressor, and enters the test cavity after filtration.
The Bently 208P and ADRE for Windows 4.51 data acquisition system are adopted in the experiment. Three eddy current sensors are used as test device. One is a phase eddy current sensor used to acquisition rotational speed in the position of keyway in the shaft. The other two sensors are used to acquire the vibration signals in horizontal and vertical orientations, respectively.
B. COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS
The Stodola-Green rotor model can well describe the dynamic characteristics of over-hang disk in rotating VOLUME 7, 2019 FIGURE 9. Schematic sketch of the Stodola-Green rotor-brush seal system. machinery. Figure 9 is the schematic sketch of the StodolaGreen rotor-brush seal system.
Introducing the seal force F sx and F sy , the governing vibration equations can be written as:
, where X and Y are the displacements of the disk center, I z is the shaft moment of inertia, EI z is the bending rigidity of shaft, L z is the disk span, J is the inertia moment of disk, and J p is the polar moment of inertia of disk. x and y are the rotation angle of disk in the horizontal and vertical directions, respectively. In order to facilitate computation, dimensionless variables are used to (16) : (16) can then be rewritten as follows:
To solve the dimensionless equations of (17), the Runge-Kutta numerical method is adopted. The geometrical parameters of the rotor system are the same as those of the test rig as shown in Fig. 8 . Figures 10 and 11 illustrate the theoretical and experimental results with a 1 bar inlet flow when ω = 1160rpm, respectively. As observed in Fig. 10 , the axis orbit displays an elliptic ring, and there is only a large fundamental frequency in the frequency graph. As observed in Fig. 11 , the larger black dots in the axis orbit indicate the signals of key phase, the key phase dots are starting to diverge, indicating the movements are becoming unstable. And there are some tiny frequencies besides the large fundamental frequency. It is obviously that the theoretical results of the axis orbit and the spectrum graph are basically in agreement with the test results. Thus the theoretical and experimental results are basically consistent, and this validates the seal force model of brush seal in this work.
IV. CONCLUSIONS
The contact force of brush seal is analyzed based on the bending deformation theory and superposition method, and a seal force model is proposed considering the eccentricity and flow induced force. The effects of some important parameters on the contact force of brush seal are discussed. A expression for seal force model is obtained by coefficient fitting, and a test rig of Stodola-Green rotor-brush seal system is set up to validate the seal force model. From the study, conclusions are drawn as follows:
(1) When there is no airflow, the contact force increases with the increase of eccentricity. When considering the distributed load of airflow, it becomes opposite.
(2) Under the same eccentricity and distributed load of airflow, the contact force increases with the friction coefficient, but the variation between contact force and bristle lay angle is not linear.
(3) The contact force increases with the increase of airflow. The trend of the acting force considering uniform force is different with the without uniform force condition, and the acting force with airflow is much greater than that without airflow.
